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ABSTRACT 
 
This paper presents the results of 12 tests on small-scale reinforced concrete 
beams, 1450 mm long, 150 mm wide and 150 mm deep, strengthened in flexure with a 
single near surface mounted (NSM) carbon FRP bar. To improve the performance at 
elevated temperature, the FRP bar is characterized by very high values of glass 
transition Tg and decomposition Td temperature. Specific tests were performed to 
define the resin behavior at elevated temperature. Moreover, the FRP was bonded 
using a cementitious grout rather than an epoxy adhesive. The flexural tests were 
carried out at both ambient and elevated temperatures on both un-strengthened and 
strengthened beams. Tests at elevated temperature were performed using propane-
fired radiant panels rather than a fire testing furnace. Two heating configurations were 
used: (1) localised heating near midspan only; and (2) global heating over the entire 
bonded length of the FRP systems. Thermo-structural response was investigated under 
loads typical of maximum permissible service strain conditions in the FRP. Internal 
temperatures, beam displacements, and slip of the FRP strengthening were measured, 
and strain gauges were used to measure the FRP bar strains; digital image correlation 
(DIC) was also used to study displacements. The tests showed the good performance 
of the strengthening system, both under localised and global heating, and 
demonstrated this cementitious grout bonded NSM CFRP strengthening system’s 
ability to maintain structural effectiveness at temperatures up to about 600°C, under 
appropriate anchorage and loading conditions. 
 
 
INTRODUCTION 
 
Fibre reinforced polymers (FRP) are widely applied for structural strengthening by 
bonding them to the exterior of reinforced concrete (RC) structures, usually with 
epoxy adhesives. However, degradation of mechanical properties of polymer 
adhesives and composites due to several environmental effects, notably including 
elevated temperatures, is an important factor in application of FRP composite 
materials in buildings and certain industrial applications. With the near surface 
mounted (NSM) FRP strengthening technique, the FRP bar/rod/strip is applied in a 
groove cut into the concrete cover of the RC member and bonded in place by filling 
the groove with an epoxy (or less commonly a cementitious) adhesive. Several studies 
  
have demonstrated that NSM with epoxy adhesive exhibits superior bond behavior 
compared with EBR ([6], [7], [8]). NSM is also less prone to damage, since the FRP is 
embedded in a groove and inside adhesive. Despite this, the effectiveness of epoxy 
adhesive may be reduced at elevated temperatures. Ambient temperature cure epoxy 
adhesives are characterized by relatively low glass transition temperatures (Tg), 
however higher Tg values can be achieved for pultruded FRP which is processed at 
elevated temperature. In NSM applications, using an elevated glass transition 
temperature FRP product and bonding with a cementitious grout may provide superior 
mechanical performance in fire, and cementitious adhesives may offer superior 
performance to epoxies, whilst also protecting (mechanically and thermally) the FRP, 
possibly without the need to apply costly and unattractive supplemental insulation 
materials to the exterior of the FRP strengthening system (1). Though epoxy resins are 
usually used as bonding agents, recently, several researchers have studied the behavior of 
cementitious paste or mortar bonded NSM FRP systems ([1], [3], [4], [5]). 
This paper presents the results of an experimental testing program aimed at 
investigating the performance of a novel cementitious-bonded NSM CFRP 
strengthening system for concrete, which has been developed specifically to address 
the performance of FRP strengthening systems at elevated temperatures. 
 
 
EXPERIMENTAL PROGRAM 
 
The experimental program consisted of six DMA and six TGA tests on the FRP 
bar, and twelve four-point bending tests of RC beams and NSM FRP strengthened RC 
beams, 1450 mm long and 150 mm square in cross-section. The flexural tests were 
performed both at ambient and elevated temperature. The tests at elevated temperature 
were executed using propane-fired radiant panels to heat the beams, rather than a 
standard fire-testing furnace. Two heating configurations were used: (1) localised 
heating near midspan only; and (2) global heating over the entire bonded length of the 
FRP system. 
The thermo-structural response was investigated under sustained loads typical of 
maximum permissible service strain conditions in the FRP (Service Load (SL) = 40 
kN; High Load (HL) = 50 kN). TABLE I summarizes the flexural tests, showing the 
relevant test beam designations. 
 
TABLE I. EXPERIMENTAL PROGRAM 
Beam designation Scheme Load 
UN-S_i 
i=1,2 
 
2mm/min 
Note: 2 tests at ambient temperature of UN-Strengthened beams  
S-i 
i=1,2,3_cut 
 
2mm/min 
Note: 3 tests at ambient temperature of NSM FRP Strengthened beams  
1380 mm 
150  
460 mm460 mm 460 mm
1380 mm
1380 mm 
150  
1380 mm
  
UN-S_GloH_SL_1 
 
SL=40 kN 
Note: 1 test of UN-Strengthened beam in Global Heating configuration, under Service Load 
S_GloH_SL_i 
i=1,2 
 
 
SL=40 kN 
 
Note: 2 tests of NSM FRP Strengthened beams in Global Heating configuration, under Service Load 
S_LocH_SL_i 
S_LocH_HL_i 
i=1,2 
 
SL=40 kN 
HL=50 kN 
Note: - 2 tests of NSM FRP Strengthened beams in Localised Heating configuration, with Service Load - 2 tests of NSM FRP Strengthened beams in Localised Heating configuration, with High Load 
 
Material Properties 
 
Dynamic mechanic analysis (DMA) and thermogravimetric analysis (TGA) on 
the novel, high T! commercial CFRP bars were conducted, to define the T! and the T!, respectively, of this particular FRP product.  
DMA provides information about the mechanical properties of a specimen 
placed in sinusoidal oscillation, as a function of time (t) and temperature, by a small 
sinusoidal oscillating force. The applied stress determines a corresponding strain, 
which is shifted with a phase shift (𝛿) due to the viscous behaviour of the polymeric 
material. The ratio between the stress and the strain amplitude defines the modulus 
of the complex modulus E*, which is the stiffness of the material ([9], [10]). E* is 
composed of the real part, the storage modulus E’, and the imaginary part, the loss 
modulus E’’. According to [9]: the storage modulus E’ represents the stiffness of a 
viscoelastic material; the loss modulus E’’ represents the viscous portion. The ratio 
between the loss and the storage modulus represents the loss factor tan (𝛿). This 
means that a high tan (𝛿) is indicative of a material characterized by a high non-
elastic strain component, and vice versa. 
DMA tests were carried out through a DMA analyzer according to the suggestion of 
[9], based on an experimental program comprising of 3 tests in single cantilever 
configuration and 3 tests in three-point bending configuration.  
TGA is an experimental technique, which provides the weight or the mass of a 
sample, measured as a function of temperature or time in isothermal experiments. 
The TGA measurements are commonly depicted as a TGA curve, in which the mass 
is plotted versus temperature or time. TGA tests were carried out through a 
thermobalance with horizontal arrangement, based on the experimental program 
comprising of 3 tests in Nitrogen ( 2N ) atmosphere and 3 tests in air. 
The results of DMA and TGA were processed using several techniques (Figure 
1380 mm 
150  
1380 mm 
150  
1380 mm 
150  
  
1 and Figure 2. Outcomes are discussed more in depth in [11]. 𝑇! values range 
between 160°C (T!,!""#$%) and 220°C (T!,!"#(!"#!)) and 𝑇! values range between 
315°C (T!,!""#$%) and 360°C (T!,!"#$%"&'). These results highlight that 
standardization of the test methods and processing are needed. 
 
  
Figure 1 DMA processing methods Figure 2 TGA processing methods 
 
Tests on the cementitious grout adhesive yielded thermal conductivity values 
almost constant in the temperature range 50-175°C and equal to 0.55 W/mK; a 
slightly higher value (0.66 W/mK) was obtained at about 100°C, likely due to the 
evaporation of water, which led to a greater energy absorption than that needed to 
maintain a certain gradient of temperature in the sample, at other testing 
temperatures.  
The mechanical properties of the constituent materials were also obtained 
through standard tests. The concrete compressive and tensile strength at 28 days is 
respectively 35.6 MPa and 3.83 MPa. The concrete compressive strength at 76 days 
is 47.7 MPa. The steel yield strength (rebars in tension side) is 525 MPa. The steel 
ultimate strength (rebars in tension side) is 622 MPa. The steel yield strength 
(rebars in compression side) is 700 MPa. The cementitious mortar compressive 
strength at 28 days is 90 MPa. The CFRP tensile strength is 1750 MPa and its 
elastic modulus is 136000 MPa. 
 
Design and Fabrication 
 
All twelve beams had a flexural reinforcement in the form of two steel rebars 
(nominal diameter of 10 mm) on the tension side and two rebars (nominal diameter 
of 6 mm) in compression (Figure 3b). The strengthening system consisted of a 
CFRP bar (nominal diameter of 8 mm), grouted through a cementitious mortar in a 
groove 16 mm square in cross-section, cut into the concrete cover of the beam. The 
shear reinforcement was designed to ensure that flexural failure would govern. Steel 
stirrups (nominal diameter 6 mm) spaced at 90 mm centres were used (Figure 3a). 
The design was performed in accordance with EN1992-1 [12] and ACI 318-08 [13]; 
the stirrup spacing provided by EN1992-1 was adopted.  
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a) Longitudinal section b) Cross section 
Figure 3 NSM FRP strengthened RC beam 
 
After concrete casting and curing, the NSM strengthening system was applied. 
First, a wall chasing with two parallel diamond cutting discs was used to cut 
vertical slots in the bottom concrete cover of the beams. After finishing the working 
procedure, the remaining fin of the material was removed with a break-out tool. The 
groove was then made smooth and clean, and the bar was placed and grouted. 
 
Instrumentation and Test setup 
 
Linear potentiometers were used to measure the vertical displacement at the beam 
midspan (LP100) and the bar’s slip both at left hand side (LP25-LHS) and at right 
hand side (LP25-RHS) of the beams. A traditional strain gauge was also attached at 
the mid length of the CFRP bar. A high-resolution camera was set to take photos every 
five seconds during the tests. It enabled a digital image correlation (DIC) to monitor 
the vertical deflection and flexural strains of the beams. Thermocouples were located 
as shown in Figure 4. 
 
a) Midspan cross 
section  b) Longitudinal section 
Figure 4 Thermocouple locations 
 
 
Figure 5 Flexural test setup (LocH configuration shown) 
 
The tests in a local heating configuration (LocH) were carried out with a propane-
fired radiant heating panel, with dimension of 485x330 mm, located at midspan 120 
mm below the beams (Figure 5 ). The tests in global heating configuration (GloH) were 
carried out with two radiant heating panels, ensuring heating over the entire bonded length of 
the FRP system, which was 970 mm for the beams tested in this configuration. 
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FLEXURAL TESTS RESULTS 
 
Ambient temperature 
 
The flexural test of the strengthened beams showed that the beam cracked under a 
load of about 8 kN, as was also observed for un-strengthened beams. This means that the 
strengthening, as expected, does not significantly affect the pre-cracked moment of 
inertia. The load then linearly increased up to the yielding load, equal to about 56 kN 
(36% greater than the yielding load of the un-strengthened beams, corresponding to a 
midspan deflection of about 9 mm. After the steel yielding, the tensile loading of the 
CFRP bar led to slippage between FRP and the bonding agent. Then, the load increased 
up to about 59 kN (19% greater than the failure load of UN-S_1), with a significant 
increase of the midspan deflection, up to about 21, due to the complete debonding of the 
CFRP bar in the cementitious grout. After the debonding of the strengthening system, 
which occurred when the slip of the bar on the right hand side (RHS) achieved about 6 
mm, the strengthened beams showed a behaviour similar to that exhibited by the un-
strengthened beam. Beam ‘failure’ occurred due to the concrete crushing. The strain in 
the CFRP bar, after the concrete cracking, linearly increased up to 5170 mε, until bar 
slippage initiated. During the debonding stage the strain in the bar increased up to about 
5850 µε, corresponding to a slight increase in load. Finally, when the slip of the bar on RHS 
achieved about 6 mm, the load and the strain decreased due to the failure of the strengthening 
system. Additional information regarding ambient temperature tests can be found in [15]. 
 
Elevated temperature 
 
The elevated temperature tests highlighted the efficiency of the strengthening 
system, both in global and local heating configurations. Obviously, the 
effectiveness of the strengthening system during a fire event and its residual 
strength depends also on the utilization factor of the member in fire, η!", which is 
the ratio between the relevant effects of actions in the fire situation at time t, E!,!",!, 
and the design value of the resistance of the member in the fire situation at 
beginning of thermal transience, R!,!",! (EN1991-1-2 [14]). The tests in global 
heating, undertaken on beams with a utilization factor equal to about 0.7 (sustained 
load of 40 kN), showed that the attainment of T!,!"#$%"&' (360°C in Figure 6) along 
the overall bonded length of the CFRP bar led to debonding and subsequent loss of 
the effectiveness of the strengthening system. Nevertheless, the beam did not fail 
after 90 min of heating exposure since the un-strengthened beam, which was not 
affected by the strength reduction due to high temperature, carried the load even 
though it exhibited very large deflections (Figure 8). The residual tests confirmed 
that the residual failure load was equal to that obtained from testing the un-
strengthened beams at ambient temperature. 
The strengthening system of the tested beams with η!" equal to about 0.7 tested 
in a local heating configuration did not fail after 90 min of fire exposure, even 
though the temperature of the CFRP bar in the heated zone was about 600°C 
(Figure 7). Note that this is a significantly higher temperature than the 
decomposition temperature of the polymer matrix of the bar. This means that the 
  
CFRP bar in the heated zone was completely debonded. It is very likely that, due to 
the longitudinal thermal conductivity of the CFRP, the bar may have achieved the 
glass transition temperature close to the exposed zone. However, the effective cold-
end anchorage was able to carry the stress transferred from midspan. Based on the 
results of bond tests performed at ambient temperature, presented in [15], and on 
the measurement of the maximum mechanical strains in the CFRP bars during tests 
on LocH-SL_i beams, the effective end-anchorage length could have been just 300 
mm to avoid the failure. Figure 8 shows deflection versus time, highlighting that in 
a local heating configuration the deflection of the beams was significantly lower 
than that observed in global heating, since the thermal gradient and therefore the 
thermal curvature were lower than that induced by global heating. 
 
   
Figure 6 Temperature recorded 
by thermocouples (GloH) 
Figure 7 Temperature recorded 
by thermocouples (LocH) 
Figure 8 Midspan 
displacement versus time 
 
Finally, the strengthening of the beams tested in a local heating configuration 
with η!" equal to about 0.8 (sustained load of 50 kN), was unable to sustain the 
stress transferred from midspan when the maximum temperature in the CFRP bar 
near midspan achieved about 600°C, even if the temperature at the end-anchorages 
was effectively at ambient temperature. As previously noted, it is very likely that 
the CFRP bar close to the exposed zone may have achieved the glass transition 
temperature, leading to a reduction of effectiveness of the end-anchorage. 
The tests showed the importance of a cold end-anchorage zone to maintain the 
load bearing capacity of the strengthening in case of fire, especially under sustained 
loads typical of maximum service strain conditions in the FRP. It is noteworthy that 
the tensile strength of the CFRP bar was never attained, although (i) a significant 
temperature (more than 600°C) was attained in the bar during the heating phase, 
and (ii) a significant sustained stress was present due to sustained load. 
 
CONCLUSIONS 
 
The tests presented in this paper, on the novel cementitious-bonded CFRP NSM 
strengthening system specifically developed to address the problematic performance of 
conventional epoxy adhered FRP strengthening systems at elevated temperatures, show that: 
• DMA yielded a T! ranging between 160°C (T!,!""#$%) and 220°C 
(T!,!"# (!"#!)). TGA provided T! values ranging between 320°C (T!,!""#$%) and 
360°C (T!,!"#$%"&'). All these variabilities in results, highlight the importance to 
standardize T! and T! definition as well as the test setup configuration. 
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• the cementitious-bonded NSM FRP strengthening system is able to sustain 
loads typical of service conditions also at elevated temperatures up to 600°C. 
• the capacity of the novel NSM FRP system depends on the presence of effective cold 
anchorage, because carbon fibres behave significant strength also at elevated temperature 
even when the performance of the polymer matrix is compromised. 
• local insulation systems placed at the end-anchorages only, instead of 
insulation along the overall bonded length for the FRP system, may be able to 
prolong overall system performance in fire. 
It should be noted that an investigation about the correlation between the 
debonding of the bar and the attainment of its glass transition temperature in the 
anchorage zone is still in progress. The results of this study will be presented in 
the future as further development of this research.  
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